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1. INTRODUCTION 
Much of the music produced nowadays is heard 
through headphones or small loudspeakers. This 
implies a considerable lost in sound quality 
when using this type of devices for music 
reproduction, especially for the low frequencies. 
Coincidentally, a good bass performance has 
become one of the leading features for 
customers to choose a device over another one. 
This is why the BASSO-FORTE is introduced 
as a Digital Audio App designed to enhance the 
perceived sound level in low frequencies 
through the loudspeakers of a phone.  
 
1.1. PROBLEM DESCRIPTION 
 
For a long time, reproducing low frequencies in 
small loudspeakers has become a concern for 
manufacturers. The relation of the output size in 
comparison to the signal wavelengths, or the 
cut-off frequencies of certain loudspeakers have 
led to the implementation of signal processing 
strategies based on psychoacoustic phenomena 
to enhance low frequencies through the 
generation of their harmonics. The way this is 
accomplished is by implementing non-linear 
processing that adjusts the generated harmonic 
frequencies, obtaining a powerful perception of 
the bass without having to depend strictly on 
the loudspeaker that is used. 
1.2. PSYCHOACOUSTIC PHENOMENA 
Any sound can be represented as the 
superposition of a series of harmonics with 
frequencies f0, 2f0, 3f0, etc. happening 
simultaneously. The amplitude of these 
frequencies varies depending on the sound 
source, giving a unique and individual sound 
spectrum to it. This defines a qualitative 
distinction for each sound, that is, defines its 
timbre. 
 
It is relevant to understand harmonics through a 
musical example. A2 has a fundamental 
frequency (f0) of 110Hz. Thus, its harmonics 
are 2f0=220Hz (A3), 3f0=330Hz (≈E4), 
4f0=440Hz (A4), and so on. Evidently, 
harmonics are not necessarily at an octave 
distance between each other or in relation to its 
fundamental. They rather constitute a consonant 
reinforcement of the fundamental frequency, or 
pitch. To an extent, this means that when 
removing the fundamental and conserving its 
harmonics, the pitch can still be perceived as a 
residue or virtual pitch. This is the 
psychoacoustic phenomenon of the missing 
fundamental (Larsen, Aarts, 2002, p. 149) and 
the basis of the BASSO-FORTE app. 
2. SPECIFICATION 
Figure 1: General signal processing structure for low-
frequency enhancement. (Larsen, Aarts, 2002, p. 148) 
 
For the BASSO-FORTE app, a function was 
developed using MATLAB, which was based 
upon the algorithm shown above (Figure 1). 
The first process on this algorithm separates the 
stereo channels into independent channels (left 
and right). Next, the signal is processed through 
two different filters: a high pass filter retains 
low frequencies from being reproduced at the 
output signal, and a low pass filter extracts the 
frequencies from which the harmonics will be 
  
generated. The next part uses overdriving 
(Zölzer, 2011, p. 125) to generate harmonics in 
the low frequencies. This is achieved by 
performing a symmetrical soft clipping of the 
low-pass input which is given by the following 
equations: 
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This set of nonlinear equations is used to 
generate a soft saturation on the low-pass input 
signal. In this context, the saturation is 
equivalent to the desired harmonics.  
 
Once the harmonics are generated, a bandpass 
filter extracts low frequencies so that only 
harmonic frequencies remain. Next, the 
amplitudes of these harmonic frequencies are 
multiplied by a gain factor converted from a 
given decibel value. The final step adds the 
original high frequencies with the enhanced 
harmonics of the low frequencies, normalizes 
the signals to prevent clipping at the output, and 
reconstructs the stereo signal. 
3. IMPLEMENTATION 
3.1. USER INTERFACE 
 
A user-friendly interface has been designed 
along with the digital process for the BASSO-
FORTE app. The user has control over the 
input and output as well as the option of 
selecting some presets or manually adjusting 
four parameters (Cutoff frequency, Frequency 
bandwidth, Centre Frequency and gain). The 
proposed GUI can be seen in Figure 2, which 
shows all the controls needed to implement the 
app. 
Figure 2: Proposed GUI for the Basso Forte App 
3.2. PARAMETERS 
 
 
Figure 3: Adjustable parameters in the Basso Forte 
App. 
 
The first step is to select an input signal to be 
processed by the BASSO-FORTE, and then, 
the following parameters (which can be seen in 
Figure 3) can be adjusted to generate different 
results: 
 
Cutoff frequency:  
The user can select a frequency (Cut-off 1, fc) 
that is usually the same as the cutoff frequency 
of the loudspeaker or headphones. This is to 
ensure that for all the frequencies that are being 
inefficiently reproduced, harmonics will be 
generated. This cutoff frequency is used in the 
low-pass and high-pass filters. The range of 
values is suggested to be from 20-200Hz, 
depending on the input source frequency 
spectrum. 
 
Frequency bandwidth and Frequency centre: 
The user selects a frequency range (Bandwidth, 
fb) with a centre frequency (Cut-off 2, fbc) to 
extract a suitable spectrum from the generated 
harmonics of the low frequencies. To avoid 
unnatural bass timbres, it is recommended to 
use the following relation: 
 
            
 
This ensures a suitable spectrum of the first 
harmonics of the input’s low frequencies, i.e. an 
octave above the cut-off frequency of both the 
high-pass and low-pass.  
 
Bandwidth can be as narrow as 300Hz or as 
wide as 100 kHz, but the range of 
recommended values is suggested to be 
between 100-1200 Hz for fbc and between 100 
Hz-1600Hz for fb. 
 
for 0 ≤ x ≤ 1/3 
for 1/3 ≤ x ≤ 2/3 
for 2/3 ≤ x ≤ 1 
  
Gain (G): The user defines a gain factor in 
decibels between a minimum (0dB) and a 
maximum (+10dB). The higher the value, the 
more amplified the harmonics spectrum will be. 
 
3.3. PRESETS 
 
 
Figure 4: Basso Forte App presest. 
 
Five different presets are included in the GUI 
and are described as follows:  
 
WARM Bass 
A good bass with an adequate perception of 
fundamentals relative to harmonics. Uses 
100Hz for fc, 200 for fbc, 200Hz for fb and 7dB 
for G. 
 
BALANCED Bass 
Has an essentially tonal balance. Uses 50Hz for 
fc, 600Hz for fbc, 400Hz for fb and 6dB for G. 
 
EDGY Bass 
Harmonics are strong relative to the 
fundamentals. The bass timbre is distorted. 
Uses 50Hz for fc, 600 Hz for fbc, 400Hz for fb 
and 5dB for G. 
 
BRIGHT Bass 
Emphasizes the bass treble, which means high 
harmonics are strong relative to fundamentals. 
Uses 40Hz for fc, 1200Hz for fbc, 1000Hz for 
fb and 8dB for G. 
 
 
 
BOXY Bass 
Emphasizes frequencies between 125Hz and 
250Hz. Uses 30Hz for fc, 190Hz for fbc, 120Hz 
for fb and 10dB for G. 
 
These five presets can be heard by reproducing 
the attached .wav files. 
4. EVALUATION 
4.1. TESTING HARMONICS GENERATION 
 
The method for generating harmonics was 
tested with an input sine wave in order to 
evaluate the BASSO-FORTE app. The 
following figures show the frequency spectrum 
of the sine wave in its original form (Figure 5) 
and after being processed with symmetrical soft 
clipping (Figure 6). It becomes evident how a 
sine wave with a single frequency becomes a 
wave with the fundamental sine wave frequency 
and its harmonics after using soft clipping. 
 
 
Figure 5: Frequency spectrum of a sine wave. 
 
Figure 6: Frequency spectrum of a sine wave after being 
processed with soft clipping. 
4.2. TESTING AUDIO INPUTS BY USING 
MATLAB 
A Matlab function called bassoforte is attached 
to this review with an appropriate script to 
execute it. The selected audio file is a fragment 
from Limit to your love by James Blake. This 
  
track was selected because it contains an 
interesting sub bass sound that is not well 
perceived when using small loudspeakers or 
headphones. When comparing the processed 
audio file with the original one, the sub bass 
becomes much stronger and acquires more 
presence due to the perception of its harmonics.  
4.3. TESTING QUALITY OF THE APP 
Furthermore, a subjective evaluation method for 
assessing the output of the app becomes 
relevant. The method is intended to prove 
whether if the psychoacoustic bass 
enhancement determines an improved quality of 
the input or not.  
 
To execute the experiment, some variables must 
be defined. First, the app is intended to work on 
small loudspeakers and headphones, so using 
both of them is appropriate. With two different 
output sources (meaning two different/separate 
tests), a method of pair comparing is 
recommended to obtain suitable results. The 
method parallels the original signal with two 
processed ones (using the presets for WARM 
and BOXY Bass), with a GUI that will show 
two random signals from the ones mentioned 
before. The subject will have no knowledge of 
which of the three sources is the original one, 
and will not know of the fact that there is an 
original. By comparing the results, a subjective 
evaluation can be achieved, proving if the 
processed outputs are perceived as having 
higher quality than the original. 
5. CONCLUSION 
Low frequency enhancement has been a main 
interest for small loudspeakers manufacturers, 
and the BASSO-FORTE app has been designed 
using non-linear processing that generates 
harmonics to obtain a rich bass sound by 
potentiating a psychoacoustical phenomenon. 
 
An acoustic and psychoacoustic background 
was described, which stated that the 
simultaneity of frequencies or harmonics with a 
particular distribution of amplitudes define the 
timbre of a sound. If the fundamental frequency 
is removed, its harmonics are able to determine 
the sonic perception of the fundamental. 
 
Based on the structure proposed by Larsen and 
Aarts, an app based on a Matlab function was 
developed to perform bass enhancement on any 
audio signal that is processed through it. The 
algorithm that this function follows was 
described, on which the most important step is 
the generation of harmonics by using 
symmetrical soft clipping.  
 
The GUI and the adjustable parameters were 
defined, followed by some presets explanations 
that simplify the use of the app by using some 
pre-established values.  
 
The evaluation of the app consisted on 
graphically demonstrating how harmonics are 
created by using a sine wave as an example. An 
audio file containing a relevant spectrum of sub 
bass frequencies was processed using the 
Matlab function and compared. Finally, a 
method was proposed to test the quality of the 
output that the app gives by subjective 
evaluation using pair comparisons of an original 
signal and two others that are processed through 
the app using different parameters. 
6. CODE SOURCES 
LOW-PASS FITLER - “Filters and Delays” 
(Zölzer, 2011, p. 54). 
 
BAND-PASS FILTER - “Filters and Delays” 
(Zölzer, 2011, p. 55-56). 
 
SOFT CLIPPING - “Nonlinear processing” 
(Zölzer, 2011, p. 125-126). 
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